DNA sequences from the mitochondrial cytochrome-b gene were used to examine the composition and phylogenetic relationships of the Peromyscus truei species group. Thirty-one individuals from the southwestern United States and Mexico were examined. Results indicated that 6 Peromyscus species (attwateri, difficilis, gratus, nasutus, pectoralis, and truei) compose the P. truei species group and that the group should be divided into 2 species assemblages. The relationship of the P. truei species group to the P. boylii and P. aztecus species groups was unresolved, indicating a close association of these 3 groups. In addition, levels of sequence divergence between sister taxa were higher than those reported for other sister species of Peromyscus.
The Peromyscus truei species group is 1 of 11 species groups of the subgenus Peromyscus (Carleton 1989; Musser and Carleton 1993) . The truei species group described originally by Osgood (1909) contained 5 Peromyscus species (bullatus, difficilis, nasutus, polius, and truei). Since Osgood's (1909) revision, several taxa have been added or removed from the truei group. Most notable has been the removal of P. polius (Hoffmeister 1951; Kilpatrick and Zimmerman 1975; Schmidly et al. 1985; Zimmerman et al. 1975 Zimmerman et al. , 1978 and the addition of Peromyscus attwateri (DeWalt et al. 1993; Janecek 1990; Sullivan et al. 1991; Tiemann-Boege et al. 2000) . More recently, Tiemann-Boege et al. (2000) suggested that Peromyscus pectoralis, P. polius, and Peromyscus sagax might be affiliated with the truei species group, but they conservatively placed them as incertae sedis. In addition, Tiemann-Boege et al. (2000) questioned the validity of a monophyletic truei species group. They based this premise on the lack of support between a ''truei clade'' and a ''difficilis clade.'' Although, their position was tenuous, they suggested that a difficilis assemblage (attwateri, difficilis, and nasutus) and a truei assemblage (gratus and truei) be recognized.
Several taxonomic revisions over the last 100 years have been suggested that, although systematically important, have not affected the overall composition of the P. truei group as envisioned by Osgood (1909) . First, Blair (1943) described Peromyscus comanche as a new species in the truei species group. This position was supported by Johnson and Packard (1974) ; however, Hoffmeister (1951) , Hoffmeister and de la Torre (1961) , Schmidly (1973) and Modi and Lee (1984) relegated P. comanche to subspecific status within P. nasutus, P. difficilis, and P. truei, respectively. Second, Hoffmeister (1951) relegated P. dyselius and P. montiponoris to subspecific level within P. truei. Third, Hoffmeister and de la Torre (1961) and Janecek (1990) suggested that P. nasutus be placed in synonomy with P. difficilis. However, the karyotype of P. nasutus with a fundamental number (FN) of 58 is differentiated from that of P. difficilis with FN ¼ 56 (Hsu and Arrighi 1968) . Consequently, Zimmerman et al. (1975 Zimmerman et al. ( , 1978 and Avise et al. (1979) recommended that P. nasutus be recognized as a separate species, whereas the study by DeWalt et al. (1993) was inconclusive. Fourth, Modi and Lee (1984) recognized the southern cytotype of P. truei as being distinct from a northern cytotype and suggested that P. truei be split into 2 species (P. truei and P. gratus). Zimmerman et al. (1978) concurred; however, they referred the southern cytotype to P. gentilis.
The phylogenetic relationship of the P. truei species group to other species groups has been poorly understood. The chromosome and allozyme data (Avise et al. 1979; Rogers et al. 1984; Stangl and Baker 1984; Sullivan et al. 1991; Zimmerman et al. 1975 Zimmerman et al. , 1978 have been inconclusive or have shown an affiliation of the P. truei group with the P. boylii group. However, most of these studies did not contain a sufficient representation of other species groups. Although suffering from an inadequate representation of species groups, Tiemann-Boege et al. (2000) , on the basis of DNA sequence data, depicted an unresolved relationship of the truei species group to both the boylii and aztecus groups.
The objectives of this study were 3-fold. First, reevaluate the systematic status of species within the truei species group. Second, examine the composition of the truei species group in light of the potential diphyletic nature as proposed by TiemannBoege et al. (2000) . Third, determine the phylogenetic relationship of the truei species group.
MATERIALS AND METHODS
Samples.-Thirty-one specimens representing the P. truei species group were collected from naturally occurring populations in the United States and Mexico ( Fig. 1) . In addition, DNA sequences from 24 specimens reported in Sullivan et al. (1997) , Bradley et al. (2000) , Tiemann-Boege et al. (2000) , and Bradley et al. (2004a) and 3 previously unreported sequences were included as references. When possible, .1 specimen per taxon was examined, ensuring that variants from the extremes of the ranges were represented; for polytypic species, multiple subspecies were examined. Specimen identification numbers and collection localities are listed in Appendix I.
Sequence data.-Mitochondrial DNA was extracted from frozen liver samples (0.1 g) following the methods of Smith and Patton (1999) . The complete cytochrome-b gene, 1,143 base pairs (bp), was amplified from all individuals. The following polymerase chain reaction (PCR) parameters were modified from those described by Saiki et al. (1988) : 28 cycles at 958C denaturation (1 min), 508C annealing (1 min), 728C extension (1 min 10 s), and 1 final 728C extension cycle (7 min). Primers used in PCR reactions were MVZ05 (Smith and Patton 1993) and H15915 (Irwin et al. 1991) , and PCR products were purified with the QIAquick PCR purification kit (Qiagen, Valencia, California) . Seven primers were used in cycle sequencing reactions to amplify 400-bp fragments on forward and reverse strands: CWE1 (Edwards et al. 2001 ), WDRAT400F, Pero39, WDRAT400R, Neo 700L (Tiemann-Boege et al. 2000 , SIG610 (Peppers and Bradley 2000) , and 752R . Cycle sequencing was conducted with the ABI Prism dRhodamine terminator ready reaction mix (Applied Biosystems, Foster City, California) or ABI Big Dye version 3.0 ready reaction mix (Applied Biosystems, Foster City, California) and approximately 60-80 ng of PCR product. Sequencing conditions included 29 cycles at 948C for 30 s (denaturing), 508C for 20 s (annealing), and 608C for 3 min (extension). Reactions were then purified with ethanol and sodium acetate (5 M). Samples were analyzed (both strands) on an ABI Prism 310 automated sequencer (Applied Biosystems). Sequencher 3.1 software (Gene Codes, Ann Arbor, Michigan) was used to align and proof nucleotide sequences. All cytochrome-b sequences obtained in this study were deposited in GenBank; accession numbers are listed in Appendix I. Onychomys arenicola were used as outgroup taxa in all analyses. In addition, Osgoodomys banderanus and 22 species of Peromyscus were included as reference samples. Variable nucleotide positions within the data set were treated as unordered, discrete characters with 4 possible states: A, C, G, or T.
Parsimony trees (PAUP*-Swofford 2002) were constructed with the use of equally weighted characters. The heuristic search and treebisection-reconnection options were used to obtain the most parsimonious tree(s). All phylogenetically uninformative characters were excluded from these analyses. Bootstrap analysis (Felsenstein 1985) with 1,000 iterations and the Bremer decay index (Bremer 1994; Eriksson 1997 ) were used to evaluate nodal support.
Fifty-six models of molecular evolution were examined in a maximum likelihood framework with Modeltest (Posada and Crandall 1998 ) to determine the model of DNA evolution best fitting the data. The GTRþIþG model was identified as being most appropriate for this dataset. This model generated significantly better likelihood scores than all other models and included the following parameters: base frequencies (
proportion of invariable sites (I ¼ 0.4697), and gamma distribution (À ¼ 0.8805). An optimal likelihood tree, using the above parameters, was obtained with the heuristic search option in PAUP* (Swofford 2002) .
A Bayesian model (MrBayes-Huelsenbeck and Ronquist 2001) was used for comparison to the likelihood method and to generate support values (clade probabilities). A GTRþIþG model with a sitespecific gamma rate was used with the following options: 4 Markovchains, 2 million generations, and a sample frequency of every 100th generation. After a visual inspection of likelihood scores, the first 330 trees were discarded, and the model was rerun with the remaining stable likelihood values. A consensus tree (50% majority rule) was constructed from the remaining trees.
The Kimura 2-parameter model of evolution (Kimura 1980 ) was used to calculate genetic distances. These values were then used to assess levels of genetic divergence following the criteria outlined in Bradley and Baker (2001) and to allow comparison with published estimates of genetic divergence among species of Peromyscus.
RESULTS
Complete nucleotide sequences (1,143 bp) from the mitochondrial cytochrome-b gene were obtained for 31 samples representing the P. truei species group; 26 reference samples from the genus Peromyscus, 1 sample from the genus Osgoodomys, and 3 outgroup taxa. Base frequencies were similar to those reported for other species of rodents with A ¼ 33.4%, C ¼ 30.7%, G ¼ 11.2%, and T ¼ 24.7%. In describing results and topologies obtained from the various analyses, an emphasis was placed on relationships for members of the P. truei species group; relationships of other taxa were described only if relevant to the objectives of this study.
The parsimony analysis with equally weighted characters generated 12 equally parsimonious trees with a length of 2,332 steps, a consistency index (CI) of 0.257, and a retention index (RI) of 0.641. A strict consensus tree was generated (bootstrap and Bremer support values provided above and below branches, respectively) and is shown in Fig. 2 . Putative members of the P. truei species group (attwateri, difficilis, gratus, nasutus, pectoralis, and truei) were arranged into 4 well-supported clades (I-IV). Clade I contained all samples of P. attwateri, P. difficilis, and P. nasutus; clade II contained samples of P. pectoralis; clade III contained all samples of P. gratus; and clade IV contained only samples of P. truei. Although the membership within each clade received strong support (bootstrap and Bremer), the association of the 4 clades was not supported. Similarly, the remaining reference samples formed small clades that primarily reflected species groups as defined by Carleton (1989) ; however, the association between clades received little or no support. P. pectoralis, P. polius, and P. sagax, indicated by Tiemann-Boege et al. (2000) as possible members of the P. truei species group, received no support for association with taxa of the truei group.
In the Bayesian analysis (Fig. 3) , P. attwateri, P. difficilis, and P. nasutus formed a well-supported clade (I, clade probability value ¼ 100), with P. difficilis and P. nasutus as sister taxa. Within the difficilis and nasutus clade, 3 subclades (A-C) were depicted. Subclade A contained samples of P. difficilis from southern Mexico, subclade B contained samples of P. nasutus and a sample of P. difficilis from Durango, and subclade C contained the sample of P. difficilis from Aguascalientes. Clade probability values were high (100) for subclades A and B; however, little support was provided for the association of subclades A-C. Samples of P. pectoralis formed a separate clade (II) that was basal to clade I (difficilis, nasutus, and attwateri); however, this relationship was not well supported by clade probability value (84). Clade III contained P. gratus; however, this clade was not well supported (clade probability ¼ 68). Clade IV contained samples of P. truei and was strongly supported (clade probability ¼ 100). Clade III and IV (P. gratus and P. truei) then joined to form a well-supported clade (clade probability ¼ 100).
The aztecus species group was depicted as the sister group to the ''truei species group'' (difficilis, nasutus, attwateri, pectoralis, gratus, and truei); this clade, containing the 2 species groups, was then sister to a clade containing members of the boylii species group (Fig. 3) . However, placement of the aztecus and boylii clades were not supported by clade probability values.
The maximum likelihood analysis produced an identical topology (not shown) as the Bayesian analysis, with 3 exceptions. First, the sample of P. difficilis from Aguascalientes was basal to a clade containing all the samples of P. difficilis, other than the Durango sample. Second, the P. aztecus group was sister to the P. boylii species group. Third, P. crinitus was basal to a clade containing O. banderanus, P. eremicus, P. leucopus, P. maniculatus, and P. melanotis. However, the clade probabilities were low for all of these differences in topology.
For selected taxa, average genetic distances were obtained from the Kimura 2-parameter model of evolution (Kimura 1980) and are shown in Table 1 . Within the ''truei species group,'' intraspecific comparisons ranged from 1.09% (difficilis) to 4.34% (pectoralis), whereas interspecific comparisons ranged from 7.73% (difficilis-nasutus) to 14.21% (difficilis-truei). 
DISCUSSION
Given the lack of resolution of deeper nodes in the parsimony analysis and similarity of topologies produced by Bayesian and likelihood analyses, the latter 2 analyses are used to discuss phylogenetic relationships and taxonomic implications of the deeper nodes. However, all 3 analyses were relatively well supported at the tips and were used to evaluate relationships at the more shallow nodes. Taxonomic implications were addressed by the phylogenetics species concept (Cracraft 1983 ) and genetic species concept (Dobzhansky 1950) as modified by Bradley and Baker (2001) .
Relationships within species.-Five taxa (difficilis, nasutus, gratus, truei, and pectoralis) possessed sufficient sample sizes to tentatively address either geographic variation or taxonomy. First, within P. pectoralis, the 2 samples of P. p. pectoralis formed a sister clade to the sample of P. p. laceianus. Although this relationship was expected, the magnitude of genetic differentiation (5.98%) between the 2 subspecies was not anticipated. This genetic distance is greater than that typically seen between sister species within the genus Peromyscus (Bradley and Baker 2001; Bradley et al. 2004a Bradley et al. , 2004b . Kilpatrick and Zimmerman (1976) reported levels of genetic similarity among subspecies of P. pectoralis below the average range of values for conspecific populations and suggested that this genetic differentiation resulted from events associated with the formation of 3 proposed Pleistocene refugial populations. Patterns of heterozygosity and of occurrence of hemoglobin genotypes, however, were interpreted as the products of gene flow among populations recolonized from these refugial populations and the absence of reproductive isolation (Kilpatrick and Zimmerman 1976) . Further comment on the significance of this observed sequence divergence is reserved until additional samples of P. pectoralis from the eastern portion of their range can be examined.
Second, 8 samples of P. difficilis were examined, 6 of which formed a well-supported subclade (A) in the parsimony, likelihood, and Bayesian analyses (Fig. 3) . Samples making up this clade were from south-central Mexico and unequivocally can be referred to as P. difficilis. These 6 samples were represented by 3 Peromyscus subspecies (amplus, difficilis, and saxicola) and possessed an average genetic distance of 1.09%, indicating little variation among these subspecies. The remaining 2 samples, from north-central Mexico (Aguascalientes and Durango), failed to form a monophyletic clade with other samples of P. difficilis (Figs. 2 and 3) . The sample from Durango was sister to P. nasutus (subclade B), with an average genetic distance of 3.62%, a value slightly higher than the average genetic distance value (2.53%) obtained from intraspecific comparisons of P. nasutus. Clearly, this sample is affiliated with P. nasutus instead of P. difficilis, from which it differs by 8.19% (Table 1 ). The occurrence of P. nasutus in northern Mexico is not surprising because Diersing (1976) commented on the lack of a clear designation of the geographic distribution of P. difficilis and P. nasutus. Robbins and Baker (1981) reported a nasutuslike karyotype (FN ¼ 58) from Durango, and their data, in conjunction with the DNA data, suggest that the distribution of P. nasutus extends along the Sierra Madre Occidental into northwestern Mexico. The sample from Aguascalientes (subclade C) formed a separate clade that was either basal to the P. difficilis clade (likelihood analysis) or to a clade that was basal to the P. difficilis and P. nasutus clade (subclade C, Fig. 3 ). Compared with other samples of P. difficilis or P. nasutus, this sample possessed an average genetic distance of 7.38% and 7.54%, respectively. These values are comparable to the level of genetic divergence observed between P. difficilis and P. nasutus (7.70%). At this time, too few samples exist for any valid taxonomic suggestion; however, further studies are warranted to ascertain whether an undescribed taxon exists in this region.
Seven samples of P. gratus representing 3 subspecies (gentilis, gratus, and zapotecae) were examined (clade III, Fig. 3 ). The samples of P. g. gentilis formed a monophyletic clade that was sister to the sample representative of P. g. gratus. Although this larger clade was then sister to the 2 samples of P. gratus zapotecae, the average genetic distance separating the samples of P. g. gratus and P. g. gentilis from P. g. zapotecae was 4.53% compared with 1.76% for samples of P. g. gratus and P. g. gentilis. This is in agreement with Hooper's (1957) assessment that P. g. zapotecae was unique from P. g. gratus and P. g. gentilis. Given the potential of geographical isolation of P. g. zapotecae (south of the TransMexican Volcanic Zone) and a high level of genetic divergence compared with values generated for other species of Peromyscus, we suggest that further studies are warranted. Nine samples of P. truei representing 4 subspecies were examined (clade IV, Fig. 3) . Two clades were apparent: 1 representing an eastern group (comanche and truei) and a 2nd representing a western group (gilberti and montipinoris). Although the average genetic distance separating the 2 clades was 4.50%, indicating a level of genetic divergence that approached values observed between other sister species of Peromyscus, additional sampling from intermediate areas (Fig.  1) are needed before any valid taxonomic conclusion can be reached. The low level of genetic divergence between P. t. truei and P. t. comanche (1.20%) confirms the assessment of Schmidly (1973) and Modi and Lee (1984) that comanche should be recognized as a subspecies of P. truei.
Relationships between species.-On the basis of the Bayesian and likelihood analyses, 4 clades were formed, with clade I containing attwateri, difficilis, nasutus; clade II containing pectoralis; clade III containing truei; and clade IV containing gratus. Although the sister relationship of truei and gratus (clades III and IV) are well supported (clade probability ¼ 100), phylogenetic relationships within clade I are more enigmatic. First, P. difficilis and P. nasutus are sister species (Figs. 2 and 3) , supporting the contentions of Zimmerman et al. (1975 Zimmerman et al. ( , 1978 and Avise et al. (1979) . However, it is unclear where the geographic boundaries separating the 2 species lie. Additionally, it should be noted that the taxonomic affinity of the sample from Aguascalientes (subclade C) could complicate this arrangement; especially if it is an undescribed taxon. The arrangement of P. attwateri as sister to the clade containing P. difficilis and P. nasutus is well supported (clade probability ¼ 100) and is consistent with the conclusions of Janecek (1990 ), DeWalt et al. (1993 , Sullivan et al. (1991), and Tiemann-Boege et al. (2000) . The 2nd problem concerns the phylogenetic position of P. pectoralis. Tiemann-Boege et al. (2000) reported the possible association of P. pectoralis with the P. truei species group. Likewise, in both the Bayesian and likelihood analyses, P. pectoralis (clade II) was sister to a clade (I) containing attwateri, difficilis, and nasutus, although a clade probability value of 84 renders no support for this claim. However, the consistent formation of this monophyletic clade relative to the other reference samples of Peromyscus should be considered, and we tentatively conclude that P. pectoralis is likely the sister group to the clade containing P. attwateri, P. difficilis, and P. nasutus.
Relationship of species groups.-One of the goals of this study was to address the composition of the truei species group. Tiemann-Boege et al. (2000) found support for a truei assemblage (gratus and truei) and a difficilis assemblage (attwateri, difficilis, and nasutus) but failed to find support that unified the 2 assemblages into a clade that could be referred to as a species group. Their study was further confounded by the association (albeit poor) of P. pectoralis, P. polius, and P. sagax to members of the truei and difficilis assemblages. It was our hope that additional samples and taxa would assist in resolving this problem.
On the basis of this study, no support was evident for the inclusion of P. polius and P. sagax in the P. truei species group as tentatively suggested by Tiemann-Boege et al. (2000) . The P. truei species group appears to be composed of P. attwateri, P. gratus, P. difficilis, P. nasutus, P. pectoralis, and P. truei. The difficulty in recognizing the above taxa as members of the truei species group stems 1st from the association of P. pectoralis to the clade containing P. attwateri, P. difficilis, and P. nasutus (clade probability ¼ 84) and 2nd from the dichotomy (clade probability ¼ 86) produced in joining the subclade containing P. attwateri, P. difficilis, P. nasutus, and P. pectoralis and the subclade containing P. gratus and P. truei. Although these clade probability values are lower than those typically considered as evidence for support (Alfaro et al. 2003; Douady et al. 2003) , P. pectoralis is aligned consistently within this group of taxa (attwateri, difficilis, nasutus, gratus, truei) that have been included in the truei group on the basis of the analyses of independent data (DeWalt et al. 1993; Janecek 1990; Sullivan et al. 1991) . Unfortunately, we were unable to include a sample of P. bullatus, although Hooper (1968) suggested it would prove to be a subspecies of P. difficilis, and its inclusion could help resolve this issue.
Two assemblages (difficilis and truei) are supported as suggested by Tiemann-Boege et al. (2000) . The difficilis assemblage contains attwateri, difficilis, nasutus, and pectoralis, although the placement of pectoralis is not well supported by clade probability values. The truei assemblage contains only truei and gratus and is well supported (clade probability value ¼ 100).
As demonstrated by Tiemann-Boege et al. (2000) the relationship of the truei species group to either the aztecus or boylii species groups is unresolved. The Bayesian analysis showed truei and aztecus to be sister groups (clade probability value ¼ 45) followed by the addition of the boylii species group (clade probability value ¼ 69); whereas, the likelihood analysis showed a sister relationship between the aztecus and boylii species group followed by the addition of the truei group. Alternatively, genetic distances were least between aztecus and boylii (11.19%), followed by boylii to truei (13.11%) and aztecus to truei (13.75%). Given the lack of resolution among these 3 species groups, it appears that they had a relatively similar time of divergence. Alternatively, it could be that saturation of transitional substitutions at 3rd positions might produce homoplastic change. To resolve this issue, we eliminated all 3rd positions, used transversions only (eliminated all transitions), and translated nucleotides to amino acids; all attempts produced trees with no support for deep nodes (basically, no resolution beyond the species level). It appears that DNA sequences from other regions might be required to provide resolution of the 3 species groups.
Pairwise comparisons of DNA sequence divergence values, obtained from sister species within the P. truei group, indicated an elevated rate of sequence divergence compared with values obtained from sister species in the P. boylii and P. aztecus species groups (Bradley and Baker 2001; Bradley et al. 2004a; Tiemann-Boege et al. 2000) . Typically, levels of sequence divergence for sister species ranged from approximately 3% to 5%, whereas values within the P. truei species group ranged from 7.73% (P. difficilis and P. nasutus) to 10.63% (P. gratus and P. truei). Whether this is indicative of an increase in mutation rate or an older divergence time for the P. truei species group is unknown.
RESUMEN
Secuencias de ADN obtenidas del gen cytochrome b fueron usadas para evaluar la composición y las relaciones filogené-ticas del grupo de especies Peromyscus truei. Treinta y un individuos provenientes del suroeste de los Estados Unidos y de México fueron examinados. Los resultados indican que 6 especies (attwateri, difficilis, gratus, nasutus, pectorales, y truei) forman el grupo de especies P. truei y que el grupo debería de ser dividido en 2 conjuntos. La relación entre el grupo de especies P. truei y los grupos de especies P. boylii y P. aztecus quedó inconclusa, lo cual indica una asociación próxima entre estos 3 grupos. Además, los niveles de divergencia entre secuencias provenientes de especies o grupos hermanos fueron más altos que los reportados por otras especies hermanas en el género Peromyscus.
